Abstract: This study carried out full-scale gas water heater combustion experiments and adopted FDS (fire dynamics simulator) to simulate three scenarios-different balcony environments when using water heater, such as airtight balcony, indoor door with openings and force ventilation to compare with full-scale combustion experiments. According to FDS simulation results, O 2 , CO and CO 2 simulation concentration value correspond with full-scale experimental results. When the indoor O 2 concentration was lower than 15%, which causes incomplete combustion, the CO concentration would rise rapidly and even reached above 1,500 ppm, causing death in short time. In addition, when the force ventilation model supplied the water heater with enough air to burn, the indoor CO concentration will keep low and harmless to humans. The study also adopted diverse variables, such as the opening area of window, outdoor wind speed and water heater types, to analyze deeply user's safety regarding gas water heater. In a result, while balcony area is larger than 14 m 2 , the volume of water heater is below 16 L (33.1 kW), and the indoor window, connecting balcony with room, is closed, if the opening on the outdoor window of the balcony is larger than 0.2 m 2 , this can ensure the personal security of the indoor space.
Introduction
As the environment changes rapidly, many metropolitan areas of high population density continue to increase the population constantly. Some people, to pursue larger living space, mounted water heaters on the front/back balcony or indoors, leading to the formation of a confined space. While the weather is colder, LPG (liquefied petroleum gas) water heaters produce carbon monoxide caused poisoning deaths tragedy in indoor due to incomplete combustion. The study measured carbon monoxide (CO) produced from a LPG water heater on an actual residential balcony by conducting a full-scale experiment. Thereafter, numerical analysis, FDS (fire dynamics simulator) [1] and experimental numerical verification and comparison were conducted. The experimental scenarios included the following three scenarios: (1) airtight balcony; (2) indoor door with openings; (3) a balcony with force ventilation. The dangers of preventive measures against CO poisoning due to the usage of LPG water heaters in residential houses were analyzed. Gas water heater safety was investigated as well.
Chang and Cheng [2] presented a computational analysis of CO concentration and airflow fields inside a typical enclosed room of a residential building under different scenarios of vent air flow rates and exit openings. The present results could be used as a base for ventilation design for enclosed rooms, aiming at a proper ventilation system selection for avoiding the CO poisoning. Aydin and Boke [3] investigated effects of the addition of solid surface on CO emission reduction in a combustion chamber of a three-pass fire tube water heater equipped with a natural gas burner. Designing ventilation systems for buildings designed were assessed by Chen et al. [4] using seven types of models, including analytical, empirical, small-scale experimental, full-scale experimental, multi-zone network, zonal and CFD (computational fluid dynamics), for predicting ventilation performance in buildings. Many researchers [5] [6] [7] [8] [9] [10] have discussed the comparisons between the FDS numerical model results and the full-scale fire experimental parameters, such as HRR (heat release rate), CO, carbon dioxide (CO 2 ), temperature and soot, in various buildings. In addition, there are room liquid fire simulation [11] and smoke characteristics analysis [12] .
However, FDS models and several parameters set up by this study could simulate a series of household gas water heater scenarios using liquefied petroleum gas under high pressure effectively and logically. Therefore, not only could this study avoid poison risk by conducting full-scale experiments, but also it obtained CO poison prevention models and strategies to study further.
Experiment and Equipment
The study used the balcony into a confined one with aluminum windows to mimic an actual residential home scenario. The rectangular-shaped balcony is 2.9-m long, 1.27-m wide and 3.8-m high (with a volume of approximately 14 m 3 ), while the room had an interior room volume of 78 m 3 ; Two types of aluminum windows with different dimensions were installed on the balcony. The upper half of the balcony had a small aluminum window with dimensions of 53 cm × 40 cm, whereas the lower half had a larger aluminum window with dimensions of 144 cm × 40 cm. The layout of the room is shown in Fig. 1 . Besides a confined balcony with aluminum windows, a gas water heater system used in residential homes was also installed. The chosen water heater should be an indoor balcony natural exhaust type (CF (conventional flue) type) that is most commonly used in residential homes.
To measure the concentration of CO accumulated and the depletion of oxygen in the air due to production of CO caused by incomplete combustion in gas water heaters, the experiment used two sets of multi-gas detectors (MultiWarn II). Measurement principles were broadly categorized into catalytic combustion type, electrochemical combustion type and infrared combustion type, making it possible to detect five types of gases simultaneously and adjust the detection range according to requirements on the ground. The study primarily investigated the effects on the accumulation of CO concentration due to confined spaces, opening and closing of indoor windows and doors and forced ventilation. The method of measurement was to place the measuring catheter at two measurement points, one each at both sides of the balcony entrance indoors. The measurement height was at the human breathing zone height (approximately 150 cm from the ground). To simulate a winter scenario, a high water temperature mode was set and stabilized for the water heater. As per the normal operating procedure in residential houses, the gas cylinder switch was turned on first prior to activating the water hose in the bathroom to ignite the water heater.
The three types of experimental scenarios are illustrated below:
(1) The method of experiment in a confined space is to close the interior and exterior balcony windows and place the measurement position at the point of entrance into the interior room at a human breathing zone height. The gas concentration accumulation was, in turn, measured when the LPG water heater was turned on; (2) The method of experiment to test the effect of the opening and closing of interior windows and doors was to vary the opening and closing of a floor-to-ceiling window measuring 65 cm × 198 cm (as shown in Fig. 1 ), while keeping the rest of the windows in the confined space closed when measuring the gas concentration accumulation as the gas water heater was turned on; (3) The method of experiment to test the effect of forced ventilation was to place window ventilators both at the upper portion of the balcony and the portion facing the interior room with dimensions of 40 cm × 53 cm and 65 cm × 46 cm, respectively. An exhaust fan facing towards the interior room was installed at the window ventilator to simulate wind with a wind speed of 0.9 m/s (as shown in Fig. 2 ). The accumulation of gas concentration in the balcony and room was then measured. Navier-Stokes equations by discretization to the finite difference equations. The computation is treated as a DNS (direct numerical simulation) or LES (large eddy simulation). The selection of DNS or LES depends on the objective of calculation and the required resolution of the computational grid. Although it is possible to compute heat and mass transfers when directly performing a DNS, heat and mass transfers to/from solid surfaces are usually handled with empirical correlations, and turbulence is treated by means of the Smagorinsky form of LES. Therefore, we adopted LES [1] , the default mode of operation. The planning of PPA (parallel processing approaches) [13] has to consider parallel feasibility and coordination relationships of hardware, software and algorithm characteristics. The former is a small aluminum window with dimensions 
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of 53 cm × 40 cm and the latter is a larger one with dimensions of 144 cm× 40 cm; The overall room layout is disclosed in Fig. 1 . The simulation model standard for experimental spatial specifications in accordance to existing documents is shown in Fig. 3 ; The interior and exterior views of the experimental balcony windows are depicted in Fig. 4 .
Source of Ignition Settings
This experiment took reference from existing documents using the CF (conventional flue) model LPG water heater, choosing a 10-L LPG water heater with a 21.4-kW ignition source for simulation. There were 13 rows of ignition with each having a dimension of 0.55 cm × 10.5 cm (fixed specifications). The total width of the 13 rows was 21.8 cm (as shown in Fig. 5 and Table 1 ); Thus the simulation ignition source had an overall dimension of 0.105 m × 0.218 m with a 21.4-kW HRR. Table 2 . FDS simulation time would be between 1,000 s to 60 min in accordance with the measured time in the full-scale experiment and a reasonable leakage with 1.6 m (height) × 0.05 m (width) is needed as the full-scale experiment cannot create a fully confined environment. 
Grid Point Testing
) to compare their respective measurement errors and number of grid points, thereby obtaining the conclusion that using 0.05 for the ignition area grid point size is most suitable for this simulation. Parameter settings for this simulation are listed in
Results and Discussions
Comparison between Simulation and Experimental Results of the Confined Balcony Scenario
The study primarily focused on simulating a confined scenario in the experiment and comparing the simulation and experimental data. The main variables for comparison were the gas concentration curves of CO 2 , O 2 and CO, as shown in Figs. 6-8. This case simulated the scenario of a water heater being switched on in a confined balcony with the windows completely closed. Combustion within the water heater would lead to depletion of O 2 in the balcony and then produce CO 2 . As seen from Figs. 6 and 7, when illustrating the simulation results, the O 2 concentration decreases as combustion occurs in the water heater whereas CO 2 concentration increases with a trend similar to experimental results. However, we can see from Fig. 7 that the rate of decrease of the simulation concentration value of O 2 was much faster than the experimental value, while the rate of increase of the CO 2 concentration value was faster. At 8 min, the O 2 concentration value fell below 14% and stopped while the CO 2 concentration value stopped at 8 min as well. In contrast, the CO concentration curve shown in Fig. 8 had a gentler ascending trend due to a high O 2 concentration value of above 15% before 6 min. Fig. 8 also demonstrates a much more rapid ascending CO concentration curve trend after 6 min due to the concentration value of O 2 falling below 15%, reaching 1,500 ppm at 7 min and causing danger in the balcony area. By comparing the concentration curves of the simulation and experimental values respectively, the simulation curve experiences more rapid changes than the experimental curve. This is mainly due to a completely confined space for the simulation, whereas the actual experimental ground has two windows and one floor-to-ceiling window. The respective gaps presented in the various windows lead to a Time (min)
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replenishment of O 2 and a slowdown of its depletion, thereby affecting the production of CO 2 and CO.
Comparison of Simulation and Experimental Results after Modification of Balcony
Existing gaps in the balcony used for the experiment can be seen from Section 4.1. In this section, a gap would be added to the simulation to improve the level of similarity with the actual experiment. The gap dimensions would be set at 1.6 m × 0.05 m for this scenario. Confirmation that the gap affects the simulation results would be made from experimentation.
Figs. 9-11 show similarity in the respective concentration curves of simulation and experimental values after comparing their results and trends. The O 2 concentration curve in Fig. 10 shows that when O 2 concentration falls below 15% (approximately after 10 min of simulation time), the CO concentration curve ascends significantly mainly because production of CO only increases when O 2 concentration falls below 15%, as per the FDS simulation software settings. The above phenomenon also shows a similar trend in Section 4. Discussions in Sections 4.1 and 4.2 show that the difference between simulations was conducted by FDS and actual experimentation is the inability to create a completely confined space. This will have an effect on the simulation result and needs to be considered as well. Furthermore, the FDS programming stipulates that the production of CO is due to incomplete combustion and is only significant when the O 2 concentration falls below 15%, explaining the rapid ascend in the CO concentration curve.
The FDS vector elevated slicing diagram in Fig. 12 shows the CO concentration color turning light blue after 600 s of simulation time, implying a significant increase in concentration. The next 4 min would then see a faster change in CO concentration in the balcony area due to insufficient O 2 leading to incomplete combustion and a rapid increase in CO concentration at 600~840 s. The concentration vector diagram also shows that CO spreads to and accumulates at a higher altitude before spreading towards lower parts of the balcony. 
Comparison between Simulation and Experimental Results in a Balcony with
Floor-to-Ceiling Windows Opened Scenario
The purpose of the scenario in this section was to observe the changes in the CO 2 This scenario had an additional 78 m 3 of interior room space and, therefore, had a higher total O 2 volume than the 14-m 3 balcony space. Fig. 13 shows that, at 23~58 min, the CO concentration is lower than the experimental value although there was a significant spike at 50 min.
Comparison between Simulation and Experimental Results for the Forced Ventilation Scenario
The above two scenarios investigated the effect of 
Conclusions
The following points can be concluded from experimental and FDS's results:
(1) When using FDS to simulate a confined space, the actual experimental environment is considered as indeed totally confined. A reasonable leakage set by FDS to correspond with the actual environment would increase the credibility of the simulation data; Therefore, the natural ventilation scenario can be used to explore the level of safety of the water heater surroundings; (4) In this study, LPG was adopted as fuel to analyze carbon monoxide poisoning case; However, the water heater with NG (natural gas) fuels also has adopted at a huge amount of residential. In the future, we strongly recommended follow-up researchers to shift to NG fuel simulation and use different water heater types to investigate differences among them.
